The common commercial charge coupled device (CCD) camera is combined with a composite light ®lter to form a vision sensing system of low cost. It can capture the whole image of a weld pool clearly during constant-current gas tungsten arc welding (GTAW). Based on the imageprocessing algorithm, the edges of the weld pool under di erent welding conditions can be extracted. Calibration is made to obtain the weld pool geometry in real size. The measured results are useful for developing a welding process control system and verifying the mathematical models of weld pool behaviours.
INTRODUCTION
Experimental measurement of the weld pool geometry in real-time is of signi®cance not only for weld penetration control but also for veri®cation of simulation results of¯uid¯ow and heat transfer in weld pools. The main di culty encountered in vision-based sensing of the weld pool geometry is the strong interference from an arc light. To measure the geometry of a weld pool surface, the in¯uence of the arc light must be overcome ®rst. To do this, the LaserStrobe technique was used to capture a weld pool image in gas tungsten arc welding (GTAW) [1] . The principal of this technique is to project a short-duration pulsed laser on to the weld pool and to synchronize the camera shutter with the pulse duration. Thus, during the laser pulse, the laser intensity is much stronger than the arc intensity and arc in¯uence in weld pool observation is eliminated. The LaserStrobe system includes the camera head, controller unit and laser unit. The relevant equipment is complex and valued at nearly US$ 100 000 so is too expensive to apply in industry [1, 2] . From a practical point of view, a low-cost methodology should be put forward in weld pool observation. For pulsed-current GTAW, a special sampling sequence makes it possible to measure the weld pool geometry at the instant when the welding current is just changed from the peak value to the base one and the arc light interference is relatively low [3] . However, traditional non-pulsed, constant-current GTAW is used more widely in manufacturing. The authors have made great e ort to measure the weld pool geometry in constant-current welding by means of low-cost equipment. Such a system was introduced in a previous paper [4] . The common commercial charge coupled device (CCD) camera was combined with a composite light ®lter to form a vision-sensing system of the weld pool geometry. As the ®rst step, the optical parameters were not set at the optimum level due to lack of experience at that time; in fact, it could only capture the rear part of weld pool images because the quality of the weld pool image of the front part was not clear. Further study has been made to overcome the shortcomings of that system through optimizing the optical parameters so that the image of a whole weld pool can be captured. This paper introduces the modi®ed system and the measuring results. Figure 1 shows the block diagram of the experimental system. The major functional elements of the experimental system are a process control computer, a precision welding power supply, a welding table, a control unit, a CCD camera with a special ®lter, an image grabber and a monitor. The main feature of the experimental system is that the common commercial CCD camera is combined with a special narrow-band ®lter with optimized optical parameters so that the images of the weld pool are captured clearly and the aim to produce low-cost sensing has been achieved.
EXPERIMENTAL SYSTEM
The control unit was developed to control welding process parameters. Its main functions include receiving the data of welding process parameters from the process control computer and controlling the welding current and welding speed. The CCD camera has a resolution of 600 TV lines and 8 shutter speeds. A specially designed and manufactured narrow-band ®lter (central wavelength 610 nm, half-bandwidth 10 nm and transparency 27 per cent) is assembled on the CCD camera to provide a clearer image of the weld pool. The image grabber has an image capturing and transforming speed of 30 frames per second and a resolution of 1/256. For this system, the CCD camera observes the weld pool at a certain angle (308).
Once the image of the weld pool captured by the vision sensor is digitized through the frame-grabber, it is stored in a computer as a matrix in which one element (pixel) represents a dot of image. A series of image processing is carried out, such as eliminating noise, enhancing contrast and extracting the edges of the weld pool. The image process algorithm includes two steps:
1. The methods of noise elimination and image enhancement are combined with each other to sharpen the points between the trough and peak in the grey level. 2. The heuristic edge tracking method is used to search for edges. Then the weld pool geometry can be obtained by determining the coordinates of the left edge and right edge points. For the detailed algorithm and formulae the reader may be referred to reference [4] .
Through the process of setting up the model for capturing an image of the vision sensor, the real size corresponding to a pixel in the image of the weld pool is determined. The calibrated results are as follows: the transforming coe cients are 0.043 mm/pixel in the direction perpendicular to the welding direction and 0.0752 mm/pixel along the welding direction. 
MEASURING RESULTS
GTAW experiments were performed under di erent welding conditions. For each condition, bead-on-plate welding was made with a constant current from the start to the end of the weld. The workpiece material was stainless steel ( 0Cr±18Ni±9Ti) with dimensions of 200 mm £ 50 mm and thickness of 3 mm. Argon was used as the shielding gas with a¯owrate of 10 l/min. The diameter of tungsten electrode was 3.2 mm with an angle of 908. The arc length was held at 6 mm. Figures 2 to 7 show the measured weld pool geometry under the conditions of di erent levels of welding current and travel speed. In these ®gures, (a) is the raw image of the weld pool captured by the CCD camera directly, (b) is the weld pool image after being processed by the algorithm and (c) is the weld pool in real size after transformation from the image to a practical dimension based on the transforming coecients of 0.043 and 0.075 mm/pixel. It can be seen that the system can measure the whole weld pool geometry clearly. Fig. 3 The weld pool geometry at a welding current of 100 A and travel speed of 113 mm/min Since the calibration coe cient in the direction perpendicular to the welding direction (vertical) is larger than that along the welding direction (horizontal), both raw and processed images of the weld pool show a condensed feature vertically. Through transformation from the weld pool image to a practical dimension, the observed geometry of the weld pool shows a real con®g-uration, i.e. the weld pool surface is shaped somewhat like an elongated ellipsoid. From Figs 2 to 5, the values of the heat input (welding current multiplied by voltage divided by the travel speed) are 839, 850, 845 and 853 J/mm respectively. When the heat input is increased, the surface geometry of the weld pool expands.
CONCLUSIONS
1. The developed system can capture images of the whole weld pool during the constant-current GTAW process through using a low-cost, common commercial CCD camera. 2. GTAW experiments at di erent levels of welding current and travel speed are made and the corresponding weld pool geometry under these conditions is obtained.
3. The measured results can be used to develop a welding process control system and verify the mathematical models of the GTAW process. 
